Sulfur cathode offers a high theoretical specific capacity of 1,675 mAh g À1 and a high specific energy of 2,600 Wh kg À1 when implemented in lithium-sulfur batteries (LSBs). Moreover, sulfur is the redundant by-product of the petroleum industry, ensuring the low cost of LSBs. These features make LSBs particularly competitive among next-generation energy storage systems. However, the sulfur cathode suffers from several challenges such as a large volume change, low electrical conductivity of sulfur, as well as the polysulfide shuttle effect, which result in low utilization and loss of cathode active materials. Insertion of membranes (or so-called interlayers) between the separator and cathode has been demonstrated as a promising approach to alleviate these issues. In this review, recent progress regarding the advanced interlayer systems are summarized. Specifically, we generalize the different types of interlayers, and the operating mechanisms and widespread availability of interlayers in LSBs are concluded. Furthermore, the scientific/technical challenges and perspective are presented.
Introduction
With the development of advanced portable electronic devices and zero-emission electric vehicles, the demand for batteries with long cycle life, high capacity, and low self-discharge is continuously increasing. [1] [2] [3] [4] Sony for the first time commercialized lithium-ion batteries (LIBs) in the early 1990s. 5 Thereafter, LIBs have been racing ahead during the past decades as the power source of choice. However, the LIBs have limited specific energy and specific capacity capabilities. 6, 7 To address these issues, alternatives to LIBs, such as Li-S, Li-O 2 , and non-lithium metal batteries, have been targeted as effective energy storage systems. 8 Sulfur, an earth-abundant material, 9 can react with metallic Li and deliver a high theoretical specific energy of 2,600 Wh kg À1 and specific capacity of 1,675 mAh g À1 . 10, 11 More strikingly, for packaged lithium-sulfur batteries (LSBs), the practical specific energy has reached 400-600 Wh kg
À1
. 12 While the early-stage research in LSBs was initiated three decades ago, the spotlight may not return to this battery system because of a few severe drawbacks. These include the following: (1) the low conductivity of sulfur/ discharge products (Li 2 S 2 /Li 2 S) leads to poor electrochemical performance 13 ; (2) most importantly, the dissolution of lithium polysulfides (LiPSs) triggers the shuttle effect along with side reactions on the lithium anode 14, 15 ; (3) the large volume change of sulfur usually results in irreversible structural destruction with a decrease of mechanical integrity and the subsequent rapid capacity decay of the electrode. 16 To circumvent these challenges, an effective strategy is to enhance the electrical conductivity of S-related species as well as to trap polysulfides in cathode materials, including various forms of carbon (graphene, [17] [18] [19] carbon spheres, 20, 21 carbon nanotubes [CNTs], 22, 23 and micro/mesoporous carbons [24] [25] [26] ), polymers, 27 and metal-based compounds. 28, 29 Furthermore, the modification of electrolyte and the protection of lithium anode may enhance the electrochemical performances of LSBs.
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Context & Scale
Sulfur, an earth-abundant material, can react with metallic Li and deliver a high theoretical specific energy of 2,600 Wh kg
À1
and specific capacity of 1,675 mAh g À1 in lithium-sulfur batteries (LSBs). However, the low conductivity of sulfur and discharge products leads to poor electrochemical performance, the dissolution of lithium polysulfides triggers the shuttle effect along with side reactions on the lithium anode, and the large volume change of sulfur usually results in irreversible structural destruction with a decrease of mechanical integrity and the subsequent rapid capacity decay of the electrode. Insertion of interlayers between the separator and the sulfur cathode has been demonstrated to be a promising approach to alleviate these issues.
Aiming to get a deeper understanding of interlayers, the operating mechanisms and widespread availability of interlayers in LSBs are discussed in this review. The interlayers are generalized into the different types (conductive and nonconductive). The specific features and parameters of interlayers, which are general design rules for the functional interlayers in LSBs, are summarized. Moreover, the great challenges to practical applications of LSBs are
Recently, several studies have demonstrated a promising strategy to improve cycling performance of LSBs via insertion of an interlayer. [32] [33] [34] The concept of ''interlayer'' was proposed for the first time by Manthiram's research group in 2012. 6, 35 Prior to this breakthrough, the major research stream of LSBs mainly consisted of ''inside'' modification for cathode and electrolyte. However, Manthiram et al.
showed the possibility of ''outside'' design of the cathode, and they presented the insertion of an electrolyte-permeable microporous carbon paper between the cathode electrode and the separator, which can act as a ''vice-electrode'' as well as a ''polysulfide stockroom,'' 36,37 resulting in excellent cyclability. Since then, carbonbased, metal-based, and polymer-based interlayers have been extensively studied, aiming to ameliorate the electrochemical performances of LSBs. In the meantime, much effort has been geared toward controllably modifying the separators and cathode, from the viewpoint of polysulfide anchoring and conversion, which play a role in the formation of interlayers. Interestingly, Zhang's group fabricated a multifunctional Nafion-based membrane layer (coating Celgard 2400 with Nafion solution) for the first time, 38 which can be used as both an electronic insulator and ionic permselective membrane (cation permselective). Since the diffusion of polysulfides is localized on the cathode side, the shuttle of polysulfides between the cathode and anode can be fully suppressed. As observed from Figure 1 , the number of publications on LSBs related to interlayers presents a dramatically increased trend. Although these interlayers have shown the possibility to suppress the diffusion of polysulfide and improve the cycling ability, some crucial issues remain to be resolved: (1) the unsatisfactory thickness/weight of the applied interlayer may lead to a sharp decrease in the overall energy density, which may offset the gains in cell performance; (2) the Li + ion transfer may be impeded by the physical interlayers, and the interlayers also occupy the void space of electrolyte, which will lead to the fast consumption of the electrolyte; (3) the interlayers with poor conductivity can lead to lower initial discharge capacity compared to the counterpart cathode as a result of increasing the resistance to some extent.
There have been two reviews that focus on categorizing interlayer technologies based on their functionality. 39, 40 Another review discusses the various fabrication methods for the development of high-performance LSBs. 41 In contrast, we will discuss in detail the impact of material selection, specifically in terms of electrically proposed. This work provides guidance for future research on building high-performance LSBs.
conductive and non-conductive interlayers. In this review, we will first discuss the operating mechanism of an interlayer and clearly define the two different types of interlayer configurations (conductive and non-conductive) and their implications in the performance of LSBs. This will be followed by a detailed summary of the most crucial types of materials used for each interlayer technology, ending with a discussion on key future research directions.
The Operating Mechanism and Categorization of Interlayers for LSBs
During the discharge process of LSBs, cyclic-S 8 is transformed into a series of soluble polysulfide intermediates (Li 2 S 8 , Li 2 S 6 , and Li 2 S 4 ; 2.4-2.2 V) and ultimately insoluble Li 2 S/Li 2 S 2 (2.2-1.8 V). As seen in Figure 2 (top), in liquid electrolyte, the soluble highorder polysulfides may shuttle between the cathode and anode regions, and Li 2 S 2 or Li 2 S solid can be formed on the lithium surface via reduction reactions. This phenomenon could lead to self-discharge as well as low Coulombic efficiency. Meanwhile, the complicated phase transformation of sulfur along with severe volume changes upon cycling facilitate the dissolution of polysulfides and further increase the internal resistance of LSBs. Generally, an interlayer is a cell component that is sandwiched somewhere between the cathode and the anode and has become a large subfield in the LSB literature, with enormous implications in enhancing many aspects of the LSB performance (Figure 2 , bottom). 42 The interlayer is typically regarded as a device to hinder polysulfide crossover to the anode; however, their specific mode of operation is unique to the type of interlayer. Furthermore, the irregular surface of lithium can be caused by the continuous reaction of the soluble polysulfides with the lithium anode and the ensuing formation of a Li 2 S/Li 2 S 2 passivation film on the surface. When the interlayer is introduced in the LSB system, the interlayer can effectively mitigate corrosion issues of the lithium anode due to the shift of repeated polysulfide deposition into the interlayers upon cycling, thus preventing the diffusion of polysulfides through the cathode to the anode. 43, 44 Notably, the stripping/plating of lithium on the anode surface leads to infinite volume change and introduces the formation of lithium dendrite, the anode-side interlayer with sufficient ionic conductivity and mechanical strength, which can solve these problems and improve the cycling performance.
There are two types of interlayers: conductive and insulating. Conducive interlayers are defined as any electrically conductive material that is placed in between the cathode and the anode; this type of interlayer usually serves as a conductive extension of the electrode. On the other hand, electrically insulating interlayers typically serve as a barrier against polysulfide diffusion. We discuss the details of these two types of interlayers in the following sections, along with the popular materials selection.
Conductive Interlayers
Conductive interlayers can be used to limit polysulfide migration and regenerate the polysulfide for use in the cathode. However, this type of interlayer must not be in electrical contact with the anode, as this will cause a polysulfide ''dead-zone'' within the cell. Recently, our group conducted a systematic study to understand the working mechanism of interlayers via the different placement location including cathode side and anode side ( Figure 3 ). 37 When a conductive interlayer is utilized, the electrode area will be expanded. A cathodic interlayer can restrain the escape of polysulfide in the discharge process and offer extra reaction sites for active materials. Moreover, the electrons can smoothly transfer from electrode to interlayer area because of the conductive interlayer, which realizes the occurrence of redox reactions. Thus, the absorbed polysulfides on the interlayer surface may be utilized upon cycling, efficiently increasing the S utilization. Therefore, a conductive interlayer can work as a ''vice-electrode'' with electrons to boost the redox reactions of absorbed polysulfides. Conversely, an anodic interlayer will accelerate the shuttle effect of polysulfides as it can effectively act as an electrical extension of the anode. The increased effective anode surface area will enhance the rate of polysulfide reduction at the anode and reduce any passivating effects of electrolyte additives and sulfur species, resulting in an exacerbated polysulfide shuttle effect. As such, a conductive interlayer is most likely restricted for use in the cathode compartment of an LSB.
Conductive and Polysulfide Non-interactive Interlayers for LSBs. The very first conductive interlayer was reported by Manthiram et al., where multiwall CNTs and microporous carbon paper were used as interlayers of LSBs. Afterward, other carbonaceous interlayers have also drawn extensive attention, such as carbon nanofiber, 45 graphene, [46] [47] [48] and biomass derived carbon. 49, 50 Particularly, previous studies have demonstrated that CNT as a matrix of sulfur cathode can provide abundant pathways for electron transport. 51 On this basis, an interlayer with hierarchical CNT-loaded glass-filter composite (GF/CNT) paper was proposed using a simple sonication method (see Figure 4A) . 52 The GF paper shows the interlocking 3D fiber network, which can trap dissolved polysulfides, intercepting their migrations. CNTs are interwoven into the 3D GF network, acting as electrochemical reactivation sites of dissolved polysulfides and functioning as electrical pathways to enable the reutilization of trapped active material. The synergistic effect of CNTs and GF paper guarantees improved electrochemical reactions. Shortly after, the single-wall carbon nanotubes (SWCNT) were utilized to modify the separator in LSBs. 53 As shown in Fig- ure 4B, the SWCNT coating could function as a spider net to trap the migrating polysulfides, and the trapped active material would be continuously utilized, preventing the non-conductive agglomerate. Furthermore, enhanced surface area of the interlayer can ensure that passivation of the conductive surface by insoluble insulating sulfur species is mitigated. The reduced polysulfide migration could indirectly stabilize lithium metal anode. Clearly, as shown in Figure 4C , there are no obvious Li dendrites or Li 2 S precipitates on Li foil surface for the cycled cell with SWCNTmodulated separator. Additionally, the cell with a half-side SWCNT-coated separator shows that the region of Li foil protected by the SWCNT coating remains intact and shiny because of indirect stabilization. Abundant, inexpensive, and easily acquired biomass has been extensively studied to fabricate various carbonaceous materials, which generally retain their peculiar microstructures and are often suitable for large-scale industrialization. As reported, numerous natural materials have been utilized to enhance the performance of energy storing devices, such as rice paper, eggshell, and cassava. 50, 54, 55 Interestingly, the free-standing carbonized leaf (CL) composed of naturally abundant plant materials was used as a polysulfide diffusion inhibitor (see Figure 4D ). 56 Notably, during cell assembly, the inserted CL inhibitor is fully immersed in electrolyte and placed with the polysulfide locking-film (upper epidermis) pointing toward the cathode and the electrolyte reservoir (lower epidermis) toward the separator. The polysulfide locking-film closely covers the pure sulfur cathode, which allows the polysulfide locking-film to immediately and effectively localize the dissolved polysulfides in the cathode before they diffuse out. From simply using a single type carbonaceous material, CNT, or biomassderived interlayer, it is immediately apparent that interlayers can have an enormous impact on the cell performance.
Progressing from single carbon material interlayers, researchers began to enhance the effectiveness of conductive interlayers by using hybrids of various carbon materials. Graphene-embedded carbon fiber (GFC) film was designed by employing filamentous fungus as carbonizable fibers to drive the graphene nanosheets to embed in the hyphae network system ( Figure 5A ). 57 A vacuum filtration process of the mixture of hyphae and graphene nanosheets forces intimate contact between the hyphae and graphene, where the lipid interacts with the graphene through hydrophobic forces ( Figure 5B ). The graphene nanosheet is squeezed between two hyphae, ensuring mechanical stability. By inserting a GFC film, as observed in Figure 5C , the cell exhibits an enhanced cycling capability and stability with a high capacity of 698 mAh g À1 after 300 cycles. From X-ray photoelectron spectroscopy presented in Figure 5D , after 300 cycles, one can see S-S and Li-S bonding species on the cathode side, indicating the existence of polysulfides. Note that the content of these species on the separator side is low, suggesting shuttle phenomenon is blocked by the interlayer. Moreover, the nature of fungus decides the high-content N element in the final product, which is beneficial to enhance the cycle performance because the binding of sulfur-containing species at the N sites is more stable than binding on a carbon site. Another freestanding hybrid carbon aerogel (HCA) interlayer (created from CNTs as well as reduced graphene oxide [RGO] sheets) was also reported. 58 Perpendicularly aligned ice pillars were utilized as templates to fabricate large aligned pores with sizes of several to tens of micrometers (Figures 5E and 5F). As shown in Figure 5G , the hierarchical cross-linked networks constructed by CNTs and RGO sheets can act as a ''net'' to capture the polysulfide; meanwhile, the micro-and nano-pores inside the aerogel can accelerate rapid transport of Li ions and quick penetration of the electrolyte. Therefore, LSBs with HCA interlayers showed an excellent cycling ability ( Figure 5H ). As an application demonstration, the LSBs with 4.9 mg cm À2 of active sulfur could power the green light-emit- 
Conductive and Polysulfide Interactive Bifunctional Interlayers for LSBs (Carbon Based).
The work on purely carbon element-based interlayers provided the basis upon which the next generation of interlayers are built. It could be said that carbon is a natural choice of interlayer material as it is abundant and already widely used in the battery field. A conductive carbon-based interlayer can serve to increase the effective cathode surface area and pore volume. The degree and geometry of the increases in effective cathode parameters can be tuned by the type of carbon material. However, these early types of interlayers did not offer much chemical interaction with polysulfide species. As new mechanistic understanding of polysulfide and different polar materials quickly consolidated, researchers quickly realized its potential in interlayer technology. Interestingly, Ji's group described the chemical interactions between polysulfides and oxygen functional groups of RGO. 59 While graphene has been proposed as an interlayer for LSBs with an intriguing potential because of its versatile surface chemistry, localized p electron conduction, and good flexibility, 60, 61 it has still been challenging for the non-polar graphene to provide more interaction sites with polar Li 2 S x , and various strategies have been applied to impart the polarity, including chemical modification and heteroatom doping. 38, 48, 62 A lightweight porous sulfur-nitrogen dual-doped graphene (SNGE) was introduced as an interlayer of LSBs ( Figure 6A ); 63 the high heteroatom (S and N) doping concentration endows the SNGE with more effective chemical adsorption sites, which is beneficial to trap the migrating LiPSs as well as suppress the shuttle effect of polysulfides. The introduction of polar sites has been enhanced because of the synergistic effect between N and S doping, especially the added N atoms, and the hierarchical structure may enhance the excellent immobilization of polysulfides chemically and physically. Hence, utilization of an SNGE interlayer encourages the uniform distribution of the modulated Li 2 S, ensuring sufficient pathways for Li ions and electron transport. In addition to heteroatomic doping, researchers have incorporated polar metal oxides onto the surface of various carbon materials. Because of the strong bonding between the oxygen and the metal, metal oxides tend to be insoluble in most organic solvents. Compared with carbon materials, metal oxides afford abundant polar active sites for absorption of polysulfides. Therefore, they can be incorporated into the interlayer or separator to retard the shuttling of polysulfides and enhance the cell with the novel configurations. Previous reports have demonstrated the successful coupling of mesoporous TiO 2 additives to a C-S composite to improve the cycle life and the capacity retention. 64 Inspired by this result, the graphene/TiO 2 film interlayer was designed to further mitigate the polysulfide diffusion. 65 Very recently, an interlayer with ultrafine TiO 2 confined in a porous-nitrogendoped carbon web (TiO 2 @NC) derived from the metal-organic frameworks (MOFs) was proposed (see Figure 6B ). 66 The nitrogen-doped carbon can restrain the particle size of TiO 2 and enhance the electronic conductivity, as well as provide additional LiPS adsorption. Intriguingly, the density functional theory (DFT) calculations show that strong Ti-S interaction exists (see Figure 6C ), 67 which may be caused by the similar ionic bonding properties of TiO 2 and Li 2 S n . The S-O bond appears in the structure of Li 2 S adsorbed on the nearby bridge sites of oxygen atoms. These calculation results indicate that LiPSs can be well confined on TiO 2 substrate via a chemical binding mechanism.
The earlier studies demonstrate that the layered transition metal dichalcogenides possess sulfophilic properties; their dangling bonds at edge sites have strong adsorption properties toward chalcogenide elements. 68 Cui's group proposed that metal disulfides with a two-dimensional layered structure can effectively encapsulate polysulfides through binding with Li 2 S n /Li 2 S by forming an Li-S bond, 69 which can be designed as interlayers for LSBs. The theoretical calculation has confirmed that cobalt sulfide compounds and polysulfides can produce coupled interactions because of the strong synergistic binding effect from both metal and sulfide ions. 70 Tungsten disulfide (WS 2 ) is an excellent catalyst used for hydrodesulfurization because of its strong adsorption ability for sulfur and sulfides. Recently, Sung's group reported an LSB with long cycle life by utilizing WS 2 supported on the interlayers of carbon cloth (WS 2 /CCI). 71 As illustrated in Figure 6D , the carbon cloth interlayers accelerate electron transfer between cathode and polysulfides adsorbed on the sulfophilic edge sites of the WS 2 particles. Meanwhile, WS 2 loading on the CCl provides the captured Li 2 S x molecules on the WS 2 access to electrons from the current collector to facilitate the reformation of sulfur on charge, thus enhancing the cycling performance of LSBs.
Furthermore, some metal nitride and metal phosphide also show great advantages in LSBs as interlayers. Especially, black phosphorus has been used as a polysulfide immobilizer since elemental phosphorus forms P-Li bonds because of its lithiophilic interaction and also forms P-S bonds as a result of their similar electronegativities.
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High-valence metal phosphides combine the advantages of high-valence metal atoms and phosphorus atoms. They are, therefore, likely to be more effective polysulfide immobilizers than metal oxides, metal carbides, and metal sulfides. Based on this, a multifunctional interlayer was designed by depositing MoP 2 nanoparticles on a CNT film (see Figure 7A ). 1 The MoP 2 nanoparticles act as an immobilizer, providing adsorption sites for the chemical interaction with dissolved polysulfides, and they also function as a catalyst to increase the redox reactivity of the polysulfides. The LSB containing the multifunctional MoP 2 /CNT interlayer exhibits excellent electrochemical performance (see Figure 7B) . Furthermore, first-principle DFT calculations ( Figure 7C ) suggest that MoP 2 has a strong chemical interaction with the polysulfides by forming Mo-S, P-Li, and P-S bonds. The host MoP 2 with its preferred crystal faces, especially faces with uncoordinated metal atoms, effectively interacts with the highorder polysulfides and has a strong adsorption on polysulfides. Boron nitride nanosheet (BNNS), isoelectronic with graphene, has been applied in various fields. [73] [74] [75] Recently, Lei's group developed a functionalized BNNS (FBN) with positively charged amino groups. The positively charged amino groups on the BNNSs make them attractive for application in LSBs. In Figure 7D , they designed a thin and selective FBN/graphene composite interlayer. 76 The FBN exhibits abundant surfaces and edges, which offer a large number of absorption sites for polysulfide anions during cycling. Furthermore, by fitting the adsorption isotherm to the Langmuir model (Figure 7E) , a maximum adsorption capacity (487 mg g À1 ) of polysulfide (S 8 2À ) ion can be obtained in FBN. In Figure 7F , the peaks centered at 822 and 874 cm À1 represent the B-S bands, revealing the existence of S-based compounds in FBN. Therefore, the discharge capacity maintains above 700 mAh g À1 at 1 C and 558 mAh g À1 at 3 C after 1,000 cycles( Figure 7G ). In Figure 7H , note that the peak of MnO 2 4À decreases after adding FBN, which is similar to the results of polysulfide, indicating that the negative ions can be absorbed by the functionalized FBN with the positively charged groups.
Beyond simple dipole interactions, Nazar and co-workers confirmed that the oxygen groups from MnO 2 and graphene oxide (GO) sheets can work on polysulfides to form the surface-bound intermediates (S 2 O 3 2À species), preventing the polysulfide dissolution. 77 The concept of chemisorption for various Mn-based materials began to surface as functional interlayer materials. [78] [79] [80] As seen in Figure 8A , the sandwiched vein-membrane structure provides an effective physical shield with reduced pore sizes to restrict the polysulfides. increasing degree of adsorption or reaction of the sulfides with oxides. More strikingly, they propose a significant correlation between bond energy and cycling stability: the stronger the bonding energies between the oxides and polysulfides, the higher the capacity retentions ( Figure 8C ). However, it should be noted that too strong of an interaction is not desirable, as it will limit the redox activity of the polysulfide species. Yang and co-workers introduced a lightweight graphene/dithiothreitol (Gra/DTT) interlayer. 82 They point out that DTT can slice the generated LiPS products to short-chain sulfides, 83 and the introduced DTT in the LSBs system may be forced to undergo a similar biochemical reaction, as described by Equations a-d ( Figure 8D ). UV-vis absorption spectra ( Figure 8E ) further reflect that DTT can rapidly eliminate the accumulation of LiPSs via ÀSÀSÀ bond cleavage, essentially circumventing the notorious problem related to the shuttle effect of soluble polysulfides, thereby guaranteeing the excellent cell performance even at the high sulfur loading ( Figure 8F ). Such interaction between polysulfide and polar surfaces of the interlayer has produced exceptional results in the field of LSB. However, because of the heterogeneity of the materials, the reaction kinetics are intrinsically limited.
Conductive and Polysulfide Interactive Bifunctional Interlayers for LSBs (Non-carbon Based). Materials that are both homogenously conductive and interactive toward polysulfides have been shown to be quite exceptional for LSB interlayers. While heteroatomically doped carbon materials are interactive, the extent of their interactions with polysulfide species are far inferior to that of inorganic oxygen/nitrogen/sulfur containing compounds. MXenes are a fascinating, large family of 2D transition metal carbides/carbonitrides with abundant functional groups (e.g., OH, F, and O) and excellent conductivity in the core. [84] [85] [86] Wu's group reported a flexible all-MXene monolithic electrode constructed with 3D alkalized Ti 3 C 2 MXene nanoribbon frameworks as S/polysulfide host and 2D delaminated Ti 3 C 2 MXene nanosheets as an interlayer coated on polypropylene separator (a-Ti 3 C 2 -S/d-Ti 3 C 2 /PP) (see Figure 9A) . 87 The delaminated Ti 3 C 2 MXene interlayer acts as an internal current collector to sufficiently enhance electrical conductivity of the whole electrode and retain the structural integrity. Furthermore, it could greatly promote chemisorption of LiPSs on the acidic Ti sites to form Ti-S bonds via Lewis acid-base interaction, effectively preventing the shuttle effect of LiPSs and ensuring superior discharge capacity ( Figure 9B ). Another type of conductive and polysulfide interactive interlayer material is conductive polymers. These polymers are usually proton doped, which can function as bridges to connect the polymer with polysulfide anions by H-bonds. 88 Polypyrrole (PPy) functional interlayer (PFIL) was introduced by Wen's group. 89 The results indicate that PFIL consisting of PPy nano-particles can restrain the dissolution and migration of polysulfides because of the large specific area and H-bond. However, the dense interlayer results in lower initial discharge capacity and (D-F) The mechanism of Gra/DTT interlayer and the corresponding reaction processes (D). UV-vis absorption spectra of the solution obtained by soaking the cycled PCNTs-S (1), PCNTs-S@Gra (2), and PCNTs-S@Gra/DTT (3) cathodes in a mixture of DOL/DME (the inserts are typical colors of electrolyte for these three cathodes after 50 cycles in sealed vials) (E). Cycling stability of as-prepared cathodes at 1 C and cycling performance of PCNTs-S@Gra/DTT with different sulfur mass loading (F). Reprinted from Hua et al., 82 with permission. Copyright 2017, American Chemical Society.
poor Coulombic efficiency. With that in mind, PPy nanotube film (PNTF) was designed as a functional interlayer, 90 which significantly decreased the polarization of the sulfur cathode and effectively restrained the shuttle effect. PPy can also be used to decorate carbon-based interlayers, such as in the case of a PPy-supported carbon paper interlayer, 91 which facilitates efficient charge transmission, suppresses the loss of sulfur cathode, and traps the polysulfide species (see Figure 9C ).
The complex chemical nature of polysulfides, specifically the distinct electronegativity between terminals Li and S, demands more sophisticated molecular design gathering multiple chemical interactions toward both desirable ''lithiophilicity'' and ''sulfiphilicity,'' Peng et al. proposed a cooperative interface composed of ''lithiophilic'' nitrogen-doped graphene (NG) and ''sulfiphilic'' multimetallic layered hydroxides as a novel concept to mimic the fine-tuned molecular machinery for bacterial sulfur metabolism ( Figure 10A ). 92 In 93 As shown in Figure 10B , the oxygen vacancy in PrNPs increases the metal reactivity to anchor LiPSs, and co-existence of lithiophilic (O) and sulfiphilic (Sr) sites in PrNP favor the dual-bonding (Li-O and Sr-S bonds) to anchor LiPSs. The high catalytic nature of PrNP facilitates the kinetics of LiPS redox reaction. Chen's group developed a modularly assembled XC72 carbon black (MAXC) interlayer. 94 It can be seen from Figure 10C that the robust MAXC interlayer uniformly distributes lithium ion flux, traps soluble polysulfides, and reduces unwanted polysulfide migration to enhance the stability of the Li-S cell. Moreover, it can act as an upper current collector and therefore enhance the electric conductivity and the active material reutilization. Cui et al. reported two kinds of porous carbon matrix, one with a large pore volume (LCM) and the other with an undulating material partially covering the surface (UCM). 95 In particular, the undulating zones on the surface of UCM are expected to not only limit the shuttle effect of polysulfides but also restrain the polysulfides within the pores to allow reuse. Therefore, the cathode with UCM interlayer shows an outstanding cycling performance, even at 5.55 mg cm À2 sulfur loading, and it can obtain an areal capacity of 3.2 mAh cm À2 at the 180th cycle ( Figures 10D and 10E ).
Insulating Interlayers
In comparison to conductive interlayers, insulating interlayers are significantly less prominent in the research literature. Furthermore, their overall modes of operation are drastically different than that of conductive interlayers. In contrast, the performance of electrically insulating interlayers does not vary drastically when their positioning is changed. This opens the possibility for the interlayer to play a dual role of polysulfide shuttle inhibition and lithium anode protection. Technically, the commonly used polypropylene separator can be considered as an interlayer. Its small pores can both restrict (albeit poorly) polysulfide diffusion from the cathode to the anode while also providing some protection against dendritic lithium growth. Obviously, the commercial separator is not sufficient in achieving high performances. There are mainly two types of insulating interlayers: polysulfide repelling and polysulfide adsorbing.
Polysulfide Repulsive, Non-conductive Interlayers for LSBs. Custom-made polysulfide-repelling separators or interlayers have been developed with the goal of exceptional results. An effective polysulfide-repelling membrane will most likely require extremely small pores that will severely limit Li + ion mass transfer. For this reason, most of these so-called ''perm-selective'' membranes are typically thinner than their conductive interlayer counterparts. Large surface area or pore volume is typically not required and sometimes even detrimental to their effectiveness. Large pore openings can compromise the ability of the interlayer to repel polysulfide as the effectiveness of the ionic shield will be related to the typically small Debye length of the repelling functional groups. It should be noted that one of the major benefits of the insulating interlayer is their likely smaller footprint in the cell stack. Development of insulating interlayers that solely rely on their tortuosity to inhibit polysulfide diffusion should be avoided, as these designs will most likely result in excessively thick systems.
Polysulfide Adsorptive, Non-conductive Interlayers for LSBs. On the other end of the spectrum, polysulfide-adsorbing-type insulating interlayers must rely solely on appropriate adsorption and desorption kinetics to retain polysulfide and redeliver polysulfide back to the cathode. A highly polysulfide adsorptive layer would act as a large polysulfide dead-zone, resulting in permanent loss in capacity. Too strong polysulfide adsorption for interlayer can induce the permanent entrapment of polysulfide, resulting in loss of active material. 100, 101 Specifically, if binding between Li and sorbent is so strong that it can compete with binding between Li and S, the formation of the Li-S bond will be difficult and Li ions could prefer to stay on the interlayer. 102 It is difficult to find materials that have adsorption capabilities for polysulfides without correspondingly appropriate polysulfide desorption. This type of material has rarely been reported in the literature. However, a coating on the lithium metal can technically be categorized as an interlayer as it is a physical layer sandwiched between the two electrodes. While it is not freestanding like most interlayers, its function and purpose are quite similar to that of traditional interlayers. Various types of coatings have been applied on the lithium metal to prevent both dendritic formation and direct electric contact of polysulfide with the anode. The key electrolyte additive, LiNO 3 , functions by passivating the surface of the lithium anode. 103 However, it has also been shown that the addition of polysulfide can help stabilize the solid electrolyte interface (SEI) over the lithium metal. 104 This indicates that the SEI will most likely stabilize by compromising sulfur active material.
In comparison to the vast volume of conductive interlayer literature, insulating interlayers appear to be less popular among the research community. While the reason is debatable, based on our short discussion it is immediately apparent that there are severe disadvantages associated with the use of insuling layers compared to the conductive counterpart. Since polysulfide repulsion layers typically rely on decreased pore size to selectively sieve ions, the rate performance of a polysulfide repulsion layer will most likely scale inversely to the ability of the layer to repel or limit polysulfide. Additionally, the permanent capacity lost to the polysulfide-adsorbing layer will reach a minimum at moderate polysulfide absorptivity, making continuous performance improvements in this type of interlayer difficult to maintain because of its intrinsic compromising nature. Finally, regardless of the type of insulating interlayer, the polysulfide repulsion/adsorption mechanism should not interfere with the Li + ion transfer between the cathode and anode. 
Conclusions and Perspectives
Recent advances in the use of carbon, metal, polymer, and other outstanding materials as interlayers for LSBs are reviewed here. The operating mechanisms and widespread availability of interlayers in LSBs are discussed. Moreover, we generalize the different types of interlayers (conductive and non-conductive) and show that the rational design of interlayers in proper combination with valid cathode materials contribute to better performance of cells, which are summarized in Tables  1 and 2 based on a large amount of research. DOL, 1,3-dioxolane; DME: 1,2-dimethoxyethane. LSBs have been proposed more than 40 years ago, and great achievements have been made with the combination of modern materials chemistry nanoscience over the past 6 years. More strikingly, since the inception of the concept of interlayer in 2012, LSBs have achieved significant development progress. However, there are great challenges before practical applications of LSBs:
(1) Throughout the reviewed studies, the thickness of interlayers often ranges from a few tens to hundreds of microns, and the considerable thickness and high areal mass loading can cause a notable increase in interlayers' weight, thus resulting in the decrease of the practical specific energy. Therefore, future work on interlayer technology should be focused on the design of lightweight interlayers using various strategies. Unquestionably, developing the lightweight interlayers that can still serve its purpose in thinner configurations is crucial for the future of interlayer technologies in high-energy LSBs. (2) The interlayers have been transformed from a single carbon material to some metal oxides, metal sulfides, and other compounds. The future interlayer structure will most likely present an even more diversified trend. (3) To date, there is a basic understanding of the operating mechanism of interlayer technology, but it remains ambiguous for some complicated interlayer systems. Hence, more powerful in situ characterization techniques are essential to gain critical insights into the dynamic phenomena at interlayer surfaces in the charge/discharge processes. (4) The performance improvement often comes at the cost of synthesis processes with the complex procedure and low yield. Furthermore, the use of interlayers suffers from a potential high cost or limited supply of raw material. In order to realize the commercialization of LSBs, it needs to compete with the mature LIBs as well as other energy storage systems, including fuel cells or Li-air batteries. Thus, we should spare no effort in developing practical systems.
The progress of functional interlayers has opened up a new direction toward the high-performance LSBs. According to our classification of interlayers, the specific features and parameters are different based on the type of interlayer. Conductive interlayers will most likely require the interlayer to (1) reside on the cathode side of the cell; (2) possess high interaction with polysulfide, such as the strong chemical or physical adsorption ability for polysulfides; (3) possess a high surface area; and (4) present excellent conductive nature to provide electron pathways and enable the reutilization of intercepted active materials during repeat cycles. A non-conductive interlayer will only require strong polysulfide repulsion or balanced polysulfide adsorption/desorption. Regardless of the choice of the class of interlayer, it must also have (1) high Li + ion permeability, (2) stability over cycling, and (3) 
